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Traditionally, collider experiments have been the primary tool used in searching for 
particle physics beyond the Standard Model. In this talk, I will discuss alternative ap- 
proaches for exploring exotic physics scenarios using high energy and ultra-high energy 
cosmic neutrinos. Such neutrinos can be used to study interactions at energies higher, 
and over baselines longer, than those accessible to colliders. In this way, neutrino astron- 
omy can provide a window into fundamental physics which is highly complementary to 
collider techniques. I will discuss the role of neutrino astronomy in fundamental physics, 
considering the use of such techniques in studying several specific scenarios including low 
scale gravity models, Standard Model electroweak instanton induced interactions, decay- 
ing neutrinos and quantum decoherence. 
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1 Introduction: Cosmic Neutrinos as a Probe of Fundamental Physics 

Particle collisions observed in accelerator experiments have so far been limited 
to center-of-mass energies below roughly 2 TeV. When the LHC begins operation 
later this decade, it should be capable of studying hadron collisions with center- 
of-mass energies up to 14 TeV. A cosmic neutrino with 1 EeV of energy (10 9 
GeV) scattering with a nucleon at rest, in contrast, has a center-of-mass energy of 
more than 40 TeV. A 100 EeV neutrino scattering with a nucleon at rest, in turn, 
corresponds to a center-of-mass energy in excess of 400 TeV. If such interactions 
could be observed and studied, they could reveal information about particle physics 
interactions which is inaccessible to current or planned collider technologies. 

In addition to this simple arguement of energetics, the observation of cosmic 
neutrinos provides us with an opportunity to observe particles which have traveled 
over enormously long baselines. Whereas collider experiments are limited to study- 
ing phenomena which occur over very short lengths of time, other techniques can 
be used to observe properties of particles which emerge over longer lengths of time 
or, correspondingly, long propagation lengths. For example, long baseline neutrino 
experiments as well as solar and atmospheric neutrino studies have revealed to us a 
great deal about neutrino masses and mixing. This behavior would be much more 
difficult to study effectively in a collider environment. But what about phenomena 
which might take place over even longer times or propagation lengths? Neutrinos 
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traveling over far greater distances - kiloparsecs, megaparsecs or gigaparsecs - are 
the most useful tool available for studying very long baseline physics. 

Of course, these techniques also have their disadvantages. In particular, the high- 
energy cosmic neutrino flux is far smaller than the flux of particles in an accelerator 
beam. To use the language of collider physics, this is a limitation of beam luminosity. 
To compensate for this limitation, neutrino detectors with very large target masses 
have been developed and/or deployed. These experimental efforts include large 
volume neutrino telescopes, such as Amanda, Antares, Baikal, Nestor, Rice and 
IceCube, which use natural water or ice as a detector medium. Ultra-high energy 
cosmic ray air shower detectors, including the Pierre Auger Observatory (PAO), 
Agasa, HiRes, Euso, Owl and others can also be used to detect neutrinos. Dedicated 
ultra-high energy neutrino detectors using radio or acoustic technologies are also 
being further developed. The Anita experiment - a radio antenna onboard a balloon 
flight planned for late in 2006 - and/or the Pierre Auger Observatory appear likely 
to observe the first ultra-high energy cosmic neutrino events in the coming years. 

In this talk, I will discuss the role of high energy neutrino astronomy in exploring 
exotic physics scenarios, keeping in mind the advantanges and disadvantages of 
such techniques in comparison to collider experiments. In particular, I will focus on 
models with large deviations from the Standard Model charged and neutral current 
interaction cross sections at very high energies (beyond the range accessible to 
colliders) and on models with large deviations from the Standard Model (including 
neutrino masses and mixings) predictions for neutrino phenomenology over very 
long propagation distances. 

2 Measuring the Scattering Cross Sections of High Energy Neutrinos 

A measurement of the number of neutrino-induced events observed by a neu- 
trino telescope is effectively a determination of the product of the neutrino scat- 
tering cross section (with nucleons or, in the case of the Glashow resonance, with 
electrons) and the incoming cosmic neutrino flux. Since the high-energy cosmic 
neutrino spectrum is not a priori known, an event rate alone cannot be used to 
determine the neutrino's scattering cross section. 

There are ways to get around this conclusion, however. In particular, we can 
exploit the fact that the Earth is opaque to particles with a scattering cross section 
with nucleons larger than roughly ~ 2 x 10~ 7 mb. This cross section corresponds 
to the Standard Model prediction for neutrinos with an energy of about 100 TeV. 
At energies above this value, the flux of neutrinos that penetrates through the 
Earth becomes increasingly suppressed. Neutrino detectors can compare the rate of 
neutrinos observed from the direction of the Earth (or slightly skimming the Earth 
in the case ultra- high energy neutrinos) to the rate of neutrinos observed from other 
directions. In this way, an effective neutrino-nucleon cross section measurement can 
be attained 

For the remainder of this section, I will consider specific models in which the 
neutrino-nucleon cross section deviates from the Standard Model charged plus neu- 
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tral current prediction. 

2.1 Low Scale Gravity: Microscopic Black Hole Production 

In models with a fundamental Planck scale not far above the electroweak scale, 
gravitational interactions can become quite strong at energies accessible to high 
energy neutrino detectors. Models with large, or warped extra dimensions are pos- 
sible realizations of such a scenario. 

The growth of the neutrino-nucleon cross section can be the result of several 
types of processes, including Kalzua-Klein graviton exchange, string resonances or 
microscopic black hole production. Of these, black hole production is expected to 
dominate in the high energy limit. 

A naive estimate of the neutrino-nucleon cross section for producing a micro- 
scopic black hole follows from the simple geometric description 

<7bk(E v )~ 7rr s 2 ch (E CM ) , ( 1 ) 

where r sc h is the Schwartchild radius of a black hole with a mass Eqm ■ In 4 + n 
dimensions, this is given by 

r sc h(M Bn ) = Yf- 

Md 

This estimate does not take into account that a large fraction of the total energy 
will likely be radiated away in the form of gravitational waves, thus reducing the 
energy threshold for black hole production [I] . If the energy that becomes trapped 
in the form of a microscopic black hole is AfsH = yV§, where y is a function of the 
impact parameter, then the neutrino-nucleon cross section for black hole production 
can be written as (SJ 

(TBH(E v ,x min ,n, M D ) = I dz2z dxF(n)Trr^ ch (V§, z) f. t (x, Q), 

(3) 

where z is the impact parameter divided by the maximum impact parameter, the 
maximum impact parameter is \J F{n)r sc \ i (\f§, z), F(n) is the form factor and 
fi(x,Q) are the parton distribution fucntions. The black hole production cross 
section through neutrino-nucleon scattering is shown in figure ^ 

Once generated, microscopic black holes evaporate via Hawking radiation with 
a (rest frame) lifetime on the order of TeV" 1 ~ 10~ 27 s. The number of parti- 
cles produced in such a process can vary from a few for PeV neutrinos to tens or 
hundreds at much higher energies. The types of particles radiated are distributed 
according to their degrees of freedom. On average, about 75% of a black hole's en- 
ergy goes into a hadronic shower, while about 4% go into electromagnetic radiation. 
Only about 2.5% of the particles radiated from an evaporating black hole are tau 
leptons. 
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Fig. 1. The cross section for BH production in neutrino nucleon collisions for n — 6 extra 
dimensions, assuming Md = 1 TeV and MnH,min = Md- Energy losses by gravitational 
radiation have been included. The SM vN cross section is indicated by the dotted line. For 
comparison the typical pp cross section is shown, as well as the cross section required for 
triggering vertical and horizontal atmospheric showers. The cross section for absorption 
by the Earth is also shown. Figure originally appeared in Ref. 0- 



As a result of the large enhancement in the neutrino-nucleon cross section in 
these models, the ratio of quasi-horizontal air showers to Earth-skimming tau neu- 
trino induced air showers at Auger can be strongly modified from the Standard 
Model prediction |J{J. In figure[21 the spectrum of neutrino- induced events at Auger 
is shown including the effects of black hole production [Hj. In the left and right 
frames are the quasi-horizontal and Earth-skimming rates, respectively. As ex- 
pected, the quasi-horizontal rate can be enhanced considerably, while the Earth- 
skimming rate is suppressed. In table Q] the ratio of these event classes is given. 

In addition to measuring the enhanced cross section associated with microscopic 
black hole production, it may be possible to identify the spectrum of products 
generated in such interactions associated with Hawking radiation. This may be 
somewhat difficult to accomplish at Auger, as only tau induced events can be 
identified, and with a considerably suppressed rate. At IceCube, however, events 
can be identified as muon tracks, electromagnetic and hadronic showers, or as "tau 
unique" events, such as double bangs or lollipops (TJ3- By comparing the ratios of 
these three classes of events, an experiment such as IceCube could play an important 
role in identifying the characteristics of the spectrum of Hawking radiation. 

2.2 Standard Model Electroweak Instanton Induced Interactions 

Another scenario in which neutrino-nucleon interactions may deviate substantially 
from the SM charged plus neutral current prediction at very high energies is if 
non-perturbative electroweak interactions play an important role. Transitions be- 
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Fig. 2. The spectrum of neutrino induced events predicted at Auger in TeV scale grav- 
ity models with microscopic black hole production. The left and right frames correspond, 
respectively, to quasi-horizontal, deeply penetrating showers and Earth-skimming tau neu- 
trino induced showers. The solid line represents the SM prediction, while the dashed lines 
include black hole production with fundamental Planck scales of 1, 2, 3, 4, 5, 7 and 10 
TeV (from top to bottom in the left frame, and from bottom to top in the right frame). 
In each case, MBH.min = 3Md- The cosmogenic neutrino flux of Ref. has been used. 
Figure originally appeared in Ref. [§]. 



Table 1. Event rates per year at Auger for quasi-horizontal showers and Earth-skimming 
tau neutrino induced showers in low scale gravity models with a range values for the 
fundamental Planck scale ;9,. In each case, MBH,min = 3Mn- These rates were calculated 
using the cosmogenic neutrino flux of Ref. |7j. 
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tween degenerate vacuua may be possible without suppression at energies above 
the Sphaleron mass scale. In such a model, it is possible that neutrino-nucleon 
scattering will suddenly become dramatically enhanced at ultra-high energies, even 
exceeding the mb level. In figure |3 the allowed regions for the neutrino-nucleon 
cross section are shown in this scenario, based on an interpolation between the 
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Fig. 3. The allowed 90%, 95%, and 99% confidence level regions for interpolation between 
the electroweak and QCD-like neutrino-nucleon cross-section consistent with existing data 
due to the effects of SM electroweak instanton induced interactions. Figure originally 

appeared in Ref. I I . 




E SH (GeV) E SH (GeV) 

Fig. 4. The spectrum of neutrino induced events predicted at Auger including the effects 
of non-perturbative electroweak interactions. The left and right frames correspond, respec- 
tively, to quasi-horizontal, deeply penetrating showers and Earth-skimming tau neutrino 
induced showers. The solid line represents the SM charged plus neutral current prediction, 
while the dashes lines include non-perturbative physics. The cosmogenic neutrino flux of 
Ref. \7\ has been used. Figure originally appeared in Ref. UJ. 

electroweak and QCD-like behavior, consistent with existing data. For discussion 
of related phenomenological issues, see Ref. \V2\ . 

Such enormous deviations from the charged plus neutral current prediction are 
ideally suited for an experiment such as Auger. The spectrum of quasi-horizontal, 
deeply penetrating showers and Earth-skimming tau induced showers in this model 
are shown in figure 0] J§| • Note that the event rate grows in the left frame only 
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over a short range of energies before becoming suppressed. This is the result of 
atmospheric attenuation which quickly sets in with such rapid cross section growth. 
The prospects at IceCube in this scenario are potentially interesting, but challenging 
due to the small event rate anticipated at ultra-high energies |13| . 

3 Very Long Baseline Neutrino Measurements 

In addition to performing neutrino-nucleon cross section measurements, high- 
energy cosmic neutrinos may be used to learn about the properties of neutrinos 
exhibited only over very long timescales or propagation lengths. Such tests are 
carried out by measuring the ratios of neutrino flavors present in the cosmic neutrino 
spectrum. Deviations in these ratios from the SM expectations can be an indicator 
of new physics. 

Cosmic neutrinos are thought to be primarily generated in processes involving 
the decay of charged pions. Such decays, which proceed as 7r + — > ^ + v^ — > e + iy e D fl u fM , 
generate neutrinos with flavors in the ratio of z/ e : : v T = 1 : 2 : 0. After the effects 
of oscillations are included, this ratio evolves very closely to v e : v„ : v T = 1 : 1 : 1. 
This is a fairly robust prediction, although it may be altered margainly due to the 
effects of energy losses in the source before the pion or muon decays are completed 

ED 

A experimental confirmation of the ratio u e : : v T = 1 : 1 : 1 among cosmic 
neutrinos would provide a strong constraint on a range of exotic physics scenarios. 
I will now turn to two examples of such physics: decaying neutrinos and quantum 
decoherence. 

3.1 Neutrino Decay 

Neutrinos are known to be remarkably stable against decays through channels such 
as i>i — * Vjj or v — ► vvv. Furthermore, at the tree level, they are entirely stable to 
electroweak decays. Other possibilities leading to neutrino instability are less well 
constrained, however. In particular, processes such as v% — > VjX or i>i — ► VjX, are 
possible, where i/y denote mass eigenstates and X denotes a Majoron or other 
such light or massless state. Current constraints on such possibilities are rather 
weak, and come from Solar neutrino data, which can be used to set the bound, 
r/m ^ 10~ 4 s/eV ^H]- By studying cosmic neutrinos which have travelled over far 
longer baselines, however, neutrino telescopes can be far more sensitive to neutrino 
instability if an effective flavor ratio measurement can be made. 

The ratios of flavors observed in the cosmic neutrino spectrum depends on 
whether any species of neutrinos have decayed and, if so, through what decay 
channel. In the simple situation where all heavy neutrino species decay into the 
lightest mass eigenstate (or into non-interacting states, such as a sterile neutrino), 
we would expect to observe at Earth the flavor ratio 

(f> Vt : (f> Vli : (/> Vt = cos 2 00 : - sin 2 : - sin 2 Q w 6 : 1 : 1, (4) 



Czech. J. Phys. 51 (2001) 



7 



Dan Hooper 



Table 2. The neutrino flavor ratios predicted for a variety of neutrino decay models with 

decay mode as indicated |16| . 
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where 9@ is the solar neutrino mixing angle and we have assumed the normal 
hierarchy as well as U e 3 = 0. This result is independent of the flavor ratio at 
source. However, for the case of an inverted hierarchy, the predicted flavor ratio at 
Earth is 

<t> Ve : 0„„ : 0„ T = t/ e 2 3 : V% : U% « : 1 : 1, (5) 

where U ai is the neutrino mixing matrix and we have taken the atmospheric mixing 
angle to be maximal. These results are in striking contrast to the expectation for 
stable neutrinos. 

These two cases represent the most extreme deviations from the usual phe- 
nomenology and are robust in that they do not depend on the flavor composition 
at source. A variety of other possibilities have also been considered |16| . In Tabled 
we list some of these possibilities assuming the usual mass hierarchy and source 
flavor ratios as for pion decay. 

Neutrino telescopes do not directly measure the flavor ratios of the cosmic neu- 
trino spectrum, but instead detect classes of events. The ratio of these event types 
can, in principle, be used to infer the corresponding flavor ratios. At IceCube, these 
event classes consist of muon tracks, electromagnetic or hadronic showers, and "tau 
unique" events. Auger, on the other hand, only identifies quasi-horizontal showers 
and Earth-skimming tau neutrino induced events. 

In figure the ability of a kilometer-scale neutrino telescope, such as IceCube, 
to determine the flavor ratios of the cosmic neutrino flux is shown. By measuring 
the ratio of muon tracks to shower events observed, a rough determination of these 
ratios can be made, given a sizable cosmic neutrino flux, observation time, or both. 

3.2 Quantum Decoherence 

Finally, I will discuss the prospects for identifying the effects of quantum deco- 
herence using cosmic neutrinos. Quantum decoherence is a feature expected in 
some quantum gravity frameworks, and represents processes involving the loss of 
quantum information. In particular, the flavor information contained in a flux of 
neutrinos may be erased over time. Cosmic neutrinos represent the longest baseline, 
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Fig. 5. The ability of a kilometer-scale high-energy neutrino telescope such as IceCube to 
measure the flavor ratios of the cosmic neutrino spectrum. The quantity along the y-axis 
denotes the ratio of muon tracks (with a threshold of _E M > 1 TeV imposed) to shower 
events observed. The solid line represents the true relationship between this observable 
ratio and the content of the neutrino flux. The dashed and dotted lines represent the 
measured ranges (at the 68% confidence level) for a spectrum of El^dN Vtl / 'dE Vli = 10~ 7 
GeV cm -2 s _1 and 2 x 10 -8 GeV cm -2 s _1 , respectively. Figure originally appeared in 

Ref. {T7\. 

and therefore potentially the most sensitive probe of these effects. 

The generic predition of quantum decoherence is the transition toward neu- 
trino flavors with the ratio v e : : v T = 1 : 1 : 1, regardless of their initial flavor 
composition. This is, unfortunately, very similar to the prediction for neutrinos gen- 
erated through pion decay. Therefore another source of cosmic neutrinos is needed 
to search for the effects of quantum decoherence. 

In addition to pion decays, cosmic neutrinos may also be generated through 
the decay of neutrons, producing uniquely electron anti-neutrinos. Such neutrons 
might come from the photo-dinintegration of ultra-high energy nuclei, for example. 
If such a source could be identified, and no quantum decoherence effects are present, 
standard oscillations would modifiy the (anti-)neutrinos' flavor ratio as v e : : 
v T = 1 : : -> 0.56 : 0.24 : 0.20. If such a deviation from 1:1:1 could be 
measured, it would place very strong constraints on quantum decoherence |18|. 

Galactic cosmic ray accelerators may be particularly useful in this application. 
EeV neutrons have a decay length on the order of 10 kiloparsecs. Being electri- 
cally neutral, EeV neutrons produced at accelerators within the milky way are 
not deflected by magnetic fields and will appear as point sources to UHE cosmic 
ray experiments. There is some evidence in the UHECR data for the existence of 
EeV cosmic ray point sources ^!5] > 01 which the Cygnus region is perhaps the most 
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promising. 

Although some of the neutrons generated in galactic sources will reach Earth in- 
tact, others will decay producing potentially observable numbers of anti-neutrinos |2l)j 
If future observations confirm the existence of an EeV neutron source in Cygnus 
region, this source would represent the laboratory with the greatest prospects to 
constrain (or discover) the effects of quantum decoherence 0] . 

4 Conclusions 

Collider experiments have been the single greatest tool for exploring many of 
the most important questions in particle physics. As time goes on, however, we are 
gradually witnessing these experiments becoming increasingly technologically chal- 
lenging and costly to construct. I have little doubt that collider physics will remain 
a viable and exciting way of exploring particle physics for decades to come. That 
being said, there will also likely be a point in the future at which other experimen- 
tal approaches may become more practical or cost effective. With this eventuality 
in mind, it is important to consider now how we can explore fundamental physics 
using all of the tools at our disposal - in particular, those which are complementary 
to collider experiments. In this talk, I have discussed the role of high-energy and 
ultra-high energy cosmic neutrinos in this endeavor. 

Neutrino astronomy has two primary advantages which make such experiments 
complementary to colliders. Firstly, neutrino- nucleon interactions occur naturally 
and frequently with energies well beyond those accessible in any planned or pro- 
posed collider experiment. Secondly, cosmic neutrinos travel over incredibly long 
baselines: kiloparsecs, megaparsecs and gigaparsecs. These two characteristics al- 
low cosmic neutrinos to be used to test aspects of fundamental physics which are 
difficult or impossible to explore with collider technology. 

In this talk, I have considered a handful of particle physics models in which 
neutrino astronomy is useful. Scenarios with low-scale (TeV) gravity or with elec- 
troweak instanton induced interactions each result in very large deviations from the 
Standard Model charged plus neutral current prediction for the neutrino-nucleon 
scattering cross section at high-energies. Alternatively, scenarios involing decaying 
neutrinos or quantum decohernce can only be explored using measurements over 
extremely long baselines. The next generation of neutrino astronomy may very well 
provide a new window into phenomenon such as these. 

This work was supported by the US Department of Energy and by NASA grant NAG5- 
10842. 
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